Background: Williopsis saturnus var. mrakii MUCL 41968 secretes a 85-kDa glycoprotein killer toxin (WmKT) that displays a cytocidal activity against a wide range of microorganisms, making WmKT a promising candidate for the development of new antimicrobial molecules. Although the killing mechanism of WmKT is still unknown, the toxin was recently proposed to bind to the surface of sensitive microorganisms through the recognition of ␤-glucans. Indeed, Saccharomyces cerevisiae strains sensitive to the toxin become resistant when mutated in their ␤-glucan synthesis pathway.
Introduction
In the past decade, a significant increase in the prevalence of resistance to antibacterial and antifungal agents has been reported (1, 2) . The emergence of infectious agents resistant to conventional treatments has highlighted the need for novel antimicrobial agents. Among the new potential antimicrobial molecules, specific yeast mycocins (killer toxins) represent promising candidates because they display wide spectra of activity (3, 4) . Because of its particularly wide spectrum of activity, the killer toxin (WmKT) produced by Williopsis saturnus var. mrakii MUCL 41968, previously reported as a Pichia anomala K36 killer toxin (5) , has been extensively described. WmKT antimicrobial activity has been demonstrated in vitro against Candida albicans, P. anomala, Pneumocystis carinii, and Saccharomyces cerevisiae (6, 7) . In addition, its potent antimicrobial effect was also demonstrated in vivo using a rat model of experimental pneumocystosis (6) .
Optimal WmKT activity is observed in acidic conditions (pH 4.6) and at temperatures around 26-28 ЊC. WmKT is specifically recognized by mAbKT4, a mouse monoclonal antibody (mAB) that neutralizes the killer activity of the toxin (8) . Recently, anti-idiotypic antibodies displaying killer toxin activity (KTIdAbs) were produced by immunizing mice with mAbKT4. These KTIdAbs were shown to exert a lethal effect against the WmKTsensitive microorganisms (9, 10) . Moreover, they were shown to be active against multidrug resistant isolates of Mycobacterium tuberculosis, as well as antibiotic-resistant Gram-positive cocci (11, 12) . These results suggest that active WmKT derivatives (peptides or KTIdAbs) could be used for the development of new therapeutic or prophylactic strategies. Nevertheless, the molecular mechanism of the antibiotic effect of WmKT and KTIdAbs remains poorly understood and the targets of these killer molecules are not yet identified.
In a previous study, we described the purification and partial characterization of WmKT (13) . WmKT was shown to be a 85-kDa glycoprotein sharing structural similarities with yeast cell wall proteins suspected to exhibit glucosidase activity. We also demonstrated that soon after its binding to target cells, WmKT induces rapid cell permeation leading to death.
In the present study, we show that the killer activity of WmKT requires the interaction of the toxin with ␤-glucans present in the cell wall of sensitive cells. Moreover, we report data indicating that WmKT exhibits a ␤-glucosidase activity, which could explain the disruption of the cell wall integrity of sensitive cells exposed to WmKT, as demonstrated by scanning electron microscopy.
Materials and Methods
Yeast Strains, Growth Media, and Chemicals W. saturnus var. mrakii MUCL 41968, which produces WmKT, was used as killer yeast strain, and P. anomala MUCL 41969 was used as WmKT-sensitive strain (5) . Sabouraud broth (tryptone 5%, meat peptone 5%, dextrose 20%) buffered at pH 4.6 with 0.1 M of citric acid and 0.2 M of sodium phosphate was used as growth medium for killer toxin assays. Yeast minimal medium (YMM) buffered at pH 3.5 with 25 mM of citric acid was used to produce WmKT. Amphotericin B and zymolyase were purchased from Bristol-Myers Squibb (Paris, France) and ICN Pharmaceuticals Inc. (Costa Mesa, USA), respectively. Castanospermine and gluconolactone were from Sigma-Aldrich (Saint Quentin Fallavier, France).
Spheroplast Production

Approximately 10
6 yeast cells from an overnight culture performed at 30 ЊC in Sabouraud broth were successively washed with 1 ml of physiologic water and 1 ml of 1 M sorbitol. The cells were then carefully resuspended in 10 ml of 10 mM phosphate buffer (pH 7.5) containing 10 mM EDTA, 1 M sorbitol, 30 mM ␤-mercaptoethanol, and 30 g/ml of zymolyase. The cell suspension was then stirred at 30 rpm for 30 min at room temperature. After low speed centrifugations, the cells were resuspended in 1 ml of 1 M sorbitol.
WmKT Purification
WmKT was purified from the culture medium of W. saturnus var. mrakii MUCL 41968 as previously described (13) . Briefly, a colony of W. saturnus var. mrakii MUCL 41968 was used to inoculate a 200-ml preculture in YMM. After 48 hr of growth at 26 ЊC and 70 rpm, four flasks (2-liter volume) containing 450 ml of YMM were seeded each with 50 ml of preculture. After 15 hr of growth at 26 ЊC and 70 rpm, yeast cells were harvested by centrifugation (5000 ϫ g for 10 min), and the clarified supernatant was collected. After addition of 10 tablets of EDTA-free protease inhibitor cocktail (Complete, Roche, Mannheim, Germany), the spent growth medium corresponding to a volume of 2 liters was applied onto a Macro-Prep High S (Bio-Rad, Hercules, CA, USA) ion exchange chromatography column (10 ϫ 2.5 cm) equilibrated with 25 mM sodium acetate (pH 3.5). After extensive washing with 25 mM sodium acetate buffer (pH 3.5), elution was achieved by passing 25 mM sodium acetate buffer (pH 4.6) containing 1 M of NaCl. Eluted fractions containing purified WmKT were stored at -80 ЊC until further use.
Killer Toxin Activity Assays
For the microassays, purified WmKT at various concentrations in 50 l 25 mM sodium acetate buffer (pH 4.6) was mixed with 200 l of Sabouraud broth containing 5 ϫ 10 4 P. anomala MUCL 41969 cells seeded into the wells of 96-well microplates (Costar, Brumath, France). The microplates were then incubated overnight at 26 ЊC and the growth of the killer toxin-sensitive strain was monitored by measuring the optical density at 630 nm (OD 630 ) using an automatic plate recorder (Bio-tek Instruments, Inc, Winooski, Vermont, USA). Killer toxin activity was detected through growth inhibition of the sensitive strain compared to a toxin-free control microculture (14) . Assays were performed in triplicate and the results expressed as average percent of growth inhibition Ϯ standard deviation compared to a WmKT-free control culture.
For the agar diffusion assays, perpendicular slots of approximately 100 l were made in the Sabouraud agar of plates seeded with P. anomala MUCL 41969. One hundred microliters of WmKT (400 g/ml), amphotericin B (8 g/ml), or zymolyase (20 mg/ml) solution were added to the slots and the Petri dishes were then incubated for 20 hr at 26 ЊC.
To perform colony forming units (CFUs) assays, 10 3 P. anomala MUCL 41969 cells were incubated for 5 hr at 26 ЊC in 100 l of 25 mM sodium acetate buffer (pH 4.6) containing 300 g/ml of WmKT. Cells were then plated on solid Sabouraud medium. After 48 hr of incubation at 26 ЊC, CFUs were enumerated. Assays were performed in triplicate and the results expressed as average percent of CFUs Ϯ standard deviation compared to a culture with heated-inactivated WmKT.
Hydrolytic Activity Measurement
The hydrolytic activity of WmKT was assayed 
Flow Cytometry Analysis
Flow cytometry analysis were performed using a Coulter Epics XL flow cytometer (Coultronics, Margency, France). Propidium iodide (PI) fluorescence was collected through a 645-nm dichroic band-pass filter after being reflected by a 620-nm dichroic long pass filter. Before each analysis, 3 and 6 m green latex beads (Coultronics) were used to calibrate the light scatter and fluorescence parameters. To know whether WmKT activity was sensitive to ␤-glucosidase inhibitors, 40 g of WmKT in 100 l of 25 mM acetate buffer (pH 4.6) were incubated for 1 hr at 26 ЊC in the presence of gluconolactone or castanospermine. Then, 10 6 overnight-grown P. anomala MUCL 41969 were added, and incubation at 26 ЊC was continued for 5 hr. The cells were harvested by centrifugation (3000 ϫ g for 5 min at 4 ЊC), washed twice with 1 ml of PBS and resuspended in 1 ml of PBS containing 10 g/ml of PI (Sigma-Aldrich). The cell-associated fluorescence was determined by flow cytometry analysis of 10,000 cells.
Scanning Electron Microscopy
Overnight-grown P. anomala MUCL 41969 cells were numerated using a Thoma cell count chamber, and 10 6 cells were incubated at 26 ЊC for 5 hr in the presence of 40 g of WmKT in 100 l of 25 mM sodium acetate buffer (pH 4.6). The cells were then collected by centrifugation, resuspended at a density of 10 6 cells/ml in PBS, and fixed for 5 hr at room temperature in a 1.25% (v/v) glutaraldehyde solution prepared in 100 mM sodium cacodylate buffer (pH 7.0). After filtration through a 25-mm diameter and 0.2-m porosity Anodisc (Whatman, Maidstone, UK), the cells were rinsed five times for 10 min with 25 ml of cacodylate buffer. Post-fixation was performed for 3 hr in a 1% OsO 4 solution prepared in the cacodylate buffer, followed by five washes in ultrapure water. The samples underwent progressive dehydration by successive soaking in 50, 70, 95, and 100% ethanol. Soaking in isopentyle acetate was performed before criticalpoint drying in CO 2 using a EMDSCOPE CPD 750 apparatus. The filters were then attached to large scanning electron microscopy stubs and coated with gold-palladium by cathodic spreading in a Polaron E 5100 coater. Sample observations were performed using a JEOL JSM35CF scanning electron microscope operating at a voltage of 10 kV.
Results
Interaction Between WmKT and Cell Wall ␤-Glucan
WmKT, a killer toxin secreted by W. saturnus var. mrakii MUCL 41968, has been shown to bind to the surface of sensitive yeast cells. Because ␤-glucans represent the major constituent of the yeast cell wall and WmKT displays amino acid sequence similarities with yeast proteins suspected to be glucanases, we hypothesized that ␤-glucans of sensitive strains could act as receptors for WmKT. Using an agar diffusion assay, this hypothesis was first tested by investigating the effect of zymolyase and WmKT on the growth of the WmKT-sensitive P. anomala MUCL 41969 strain. As shown in Figure 1A the narrowed WmKT inhibition area at the vicinity of the slot containing zymolyase. This finding may indicate that intact ␤-glucans are required for WmKT activity. The control experiment was performed using WmKT and amphotericin B, a fungicidal agent that does not degrade ␤-glucans, but acts on cell membrane ergosterol ( Figure 1B) . Both molecules induced similar growth inhibitions and no interference of amphotericin B with WmKT was observed.
Next, we investigated in a CFU assay the effect of WmKT on spheroplasts obtained after zymolyase treatment of a killer toxin sensitive yeast strain (P. anomala MUCL 41969). The spheroplasts were incubated for 5 hr at 26 ЊC with 30 g/ml of WmKT prior to plating on Sabouraud agar plates. Controls consisted in P. anomala MUCL 41969 intact cell incubated with WmKT or heat-inactivated WmKT, and P. anomala MUCL 41969 spheroplasts incubated with heat-inactivated WmKT. As shown in Figure 2 , WmKT killed 75 Ϯ 1.8% of the intact cells but only 13 Ϯ 5.7% of the spheroplasts. These results indicate that zymolyase treatment of sensitive yeast cells reduces drastically the killing effect of WmKT, suggesting that intact ␤1,3-glucan are required for the mycocin activity.
Effect of Glycosidase Inhibitors on WmKT Killer Activity
In a previous study, we reported the partial amino acid sequence of WmKT, which exhibits homologies with proteins belonging to the yeast SUN family (13, 15, 16) . Because some of these SUN proteins have been proposed to be glucosidases, we postulated that WmKT could act by hydrolyzing cell wall carbohydrate compounds. To test this hypothesis, we performed killing microassays in Sabouraud broth using P. anomala MUCL 41969 cells purified WmKT in presence of various concentrations of glucosidase inhibitors. As shown in Figure 3A , gluconolactone at concentrations ranging from 1-100 mM showed no inhibitory effect on the WmKT-induced killing. In contrast, castanospermine exhibited a very strong dose-dependent inhibitory effect; at 25 M the WmKT toxic activity was completely abolished ( Figure 3B ). Because castanospermine alone did not affect the growth of P. anomala MUCL 41969 (data not shown), it suggested that the specific ␤-glucosidase inhibitory effect of castanospermine was directly responsible for the abolition of the WmKT-induced yeast killing. Therefore, WmKT could be seen as a castanospermine-sensitive glucosidase and/or the WmKT glucan receptors are affected in their biosynthesis during the treatment with castanospermine. with various potential carbohydrate substrates covalently linked to p-nitrophenyl, which cleavage can be monitored by spectrophotometry (18) . No significant p-nitrophenol release was detected using p-nitrophenyl ␣-D-glucopyranoside, p-nitrophenyl N-acetyl-glucosaminide, or p-nitrophenyl ␣-D-galactopyranoside (data not shown). However, WmKT was shown to exert an hydrolytic activity against p-nitrophenol ␤-D-glucopyranoside (DNPG) ( Figure 5A ). Indeed, using 1 mM of DNPG as substrate, 16 .60 Ϯ 0.16M of p-nitrophenol was released per microgram of purified WmKT over a 10-hr period. As shown in Figure 5A , this enzymatic activity was specifically inhibited by 25 M of castanospermine. Because this castanospermine concentration also inhibited the WmKT-induced killing of P. anomala MUCL 41969, it further suggested that WmKT exerts its toxic effect through glucosidase activity. No DNPG hydrolysis was detected using WmKT previously heated at 100 ЊC for 10 min, confirming the reported thermolability of WmKT (19) . Because WmKT was shown to be active in acidic conditions, P. anomala MUCL 41969 growth inhibition and DNPG hydrolysis assays were carried out at pH 4.6 and pH 6.0. As shown in Figures 6A and  6B , a similar pH-dependence was demonstrated for growth inhibition and DNPG hydrolysis; both activities were reduced by approximately 55% when passing from pH 4.6 to pH 6.0. Interestingly, purified WmKT incubated for 1 hr at pH 6.0 followed by dialysis against 25 M of sodium acetate buffer (pH 4.6) failed to induce P. anomala MUCL 41969 growth inhibition or DNPG hydrolysis ( Figure 6C ), indicating an irreversible lability of WmKT.
A B C D
Cell Wall Ultrastructure of Yeast Cells Treated With WmKT
To know whether the WmKT treatment of P. anomala MUCL 41969 induces an ultrastructural modification, yeast cells incubated for 5 hr at 26 ЊC in 100 l of 25 mM acetate buffer (pH 4.6) with 40 g of WmKT. P. anomala MUCL 41969 were observed by scanning electron microscopy. Compared to yeasts incubated in the absence of the mycocin (Figure 7A ), the WmKT-treated P. anomala MUCL 41969 cells exhibited a rough surface that could be the result of partial degradation of the cell wall ␤-glucans ( Figure 7B ). To know whether such a phenotype was linked to glucan hydrolysis, P. anomala MUCL 41969 cells were treated for 5 hr at 26 ЊC with 400 g/ml of zymolyase. This treatment induced a surface phenotype ( Figure 7C ) similar to that observed with WmKT, suggesting that the WmKT toxic activity is due to the toxin's ability to hydrolyze the ␤-glucans present in the cell wall of sensitive yeast cells. This observation is in agreement with the WmKT-induced cell permeability demonstrated by the PI staining experiment.
To discriminate between these two possibilities, 100 l of WmKT at 300 g/ml was incubated in the presence of 25 M of castanospermine. After 1 hr of incubation at 26 ЊC, WmKT was extensively dialyzed against 25 mM sodium acetate buffer (pH 4.5), and added to P. anomala MUCL 41969 cells. Following a 5-hr incubation at 26 ЊC, the yeast cells were stained with PI and analyzed by flow cytometry for mortality (17) . When the cells were treated with buffer alone or buffer containing 25 M of castanospermine, no significant PI labeling was observed, indicating an absence of cell mortality ( Figures 4C and 4D) . In contrast, a PI labeling of 73.4 Ϯ 9.9% was observed following yeast treatment with WmKT ( Figure 4A ). Because this labeling was reduced to 17.9 Ϯ 3.8% when using castanosperminetreated WmKT, it suggested that WmKT may be a castanospermine-sensitive glucosidase ( Figure 4B ).
Hydrolytic Activity of WmKT
To address the hypothesis that WmKT may exhibit a glucosidase activity, purified WmKT was incubated 
Discussion
The W. saturnus var. mrakii MUCL 41968 killer toxin is active against a wide range of infectious agents including C. albicans and P. carinii (3) (4) (5) . Extensive studies reported that WmKT or WmKT-like antiidiotypic antibodies could represent new therapeutic molecules for the treatment of microbial infections (11, 12, (20) (21) (22) . Despite all these studies, the molecular mechanism of WmKT-induced killing remains unknown. Recently, we purified WmKT to homogeneity and demonstrated that it is an 85-kDa glycoprotein that induces rapid cell permeation (13) . We hypothesized that WmKT could act by binding to ␤-glucan because a S. cerevisiae strain bearing a mutation in KRE1 (23), a gene involved in ␤1,6-glucan synthesis, was resistant to the killer toxin, and a S. cerevisiae null mutant for KNR4 gene involved in ␤1,3-glucan synthesis (24) was shown to be partially resistant to WmKT.
In this study, we report several observations that further support this hypothesis. First, we observed an antagonism between zymolyase, a mixture that hydrolyzes yeast cell wall glucans, and the WmKT activity, indicating that intact ␤-glucans are required for the WmKT-induced killing, and may therefore be the mycocin receptor. ␤-glucans as killer toxin receptors have already been described for a Pichia membranifaciens killer toxin (25) , and for the S. cerevisiae K1 and K2 killer toxins (26) that bind to ␤1,6-glucan. Moreover, ␤1,6-glucan and ␤1,3-glucan were demonstrated to be the cell wall receptors of the Hansenula mrakii LKB 169 killer toxin (HM-1) (27) . The requirement of ␤-glucans for WmKT activity is also supported by the fact that spheroplasts derived from P. anomala MUCL 41969 cells treated with zymolyase exhibited a strong resistance to WmKT, confirming the requirement of ␤-glucans for the mycocin activity. Because the S. cerevisiae K1 killer toxin, which causes cell death through activation of Tok1p potassium channel (28) , only uses ␤-glucans as primary receptors and remains active against spheroplasts derived from sensitive cells (29) , it suggests that ␤-glucans could be a major enzymatic target of WmKT and not simply a primary receptor.
Because the amino acid sequence analysis of WmKT revealed homologies with the yeast SUN proteins, a family of proteins including cell wall proteins suspected to be glucanases (15, 16) , WmKT was investigated for potential hydrolytic activity that could result in hydrolysis of yeast cell wall ␤-glucans, and therefore explain the mycocin lethal activity. This was first tested using ␤-glucosidase inhibitors because such an enzyme inhibition strategy was successfully used to demonstrate that the chitinase activity of the Kluyveromyces lactis killer toxin is inhibitable by allosamidin, which leads to the abolition of the toxin lethal effect (30) . the presence of the glucosidase inhibitor castanospermine, WmKT failed to kill yeast cells, suggesting that the killer toxin has glucosidase activity. Therefore WmKT may act by hydrolyzing the cell wall ␤-glucan, which are essential components for cell wall integrity.
The hydrolytic activity of WmKT was then investigated using various sugar substrates covalently linked to p-nitrophenyl. This in vitro enzymatic approach allowed us to show that purified WmKT is able to hydrolyze
WmKT displays a castanospermine-sensitive ␤-glucosidase activity. These enzymatic assays also showed that WmKT exhibits a specific hydrolytic activity against DNPG. Such an activity has already been reported for some yeast exoglucanases that are more efficient against glucose polymers (31) . We also show that the WmKT ␤-glucosidase activity and the WmKT killing effect exhibit exactly the same pH dependence, suggesting that the WmKT-induced lethality is linked to the enzymatic activity of the mycocin. According to this, WmKT would hydrolyze cell wall glucans present in sensitive cells. Comparable mechanisms have been described in plants and fungi that defend themselves against microbial invasion by producing ␤-glucanase (32) (33) (34) . The hypothesis of a glucosidase activity associated with WmKT-induced killing is consistent with our previous observation showing that W. saturnus var. mrakii MUCL 41968 is resistant to zymolyase. The cell wall-degrading activity of WmKT was confirmed by scanning electron microscopy, which revealed that WmKT treatment of P. anomala 41969 leads to a rough cell surface. This effect is identical to that observed following treatment of the yeast cells with zymolyase. A similar effect on the cell wall morphology has recently been reported for the K2 killer toxin of S. cerevisiae that also binds to ␤-glucan, although its mechanism of action is still unknown (35, 36) .
The results presented in this study constitute the first steps in the elucidation of the killing mechanism of WmKT. Further characterization of the WmKT enzymatic activity as well as the cloning of its encoding gene will represent the next investigation step toward a better understanding of this therapeutically promising yeast killer toxin but also of the molecules mimicking its activity such as KTIdAbs. 
